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The tumor microenvironment is characterized by of high levels of extracellular nucleotides that are metabolized 
through the dynamic and sequential action of cell surface enzymes (ectoenzymes). These ectoenzymes operate accord- 
ing to their spatial arrangement, as part of (1) continuous (molecules on the same cell) or (2) discontinuous (molecules on 
different cells) pathways, the latter being facilitated by restricted cellular microenvironment. The outcome of this cata- 
bolic activity is an increase in the local concentration of adenosine, a nucleoside involved in the control of inflammation 
and immune responses. The aim of the work presented here was to demonstrate that a previously unexplored enzymatic 
pathway may be an alternate route to produce extracellular adenosine. Our data show that this new axis is driven by the 
nucleotide-metabolizing ectoenzymes CD38 (an NAD* nucleosidase), the ecto-nucleotide pyrophosphatase/phosphodi- 
esterase 1 (NPPl, also known as CD203a or PC-1) and the 5' ectonucleotidase (5'-NT) CD73, while bypassing the canonical 
catabolic pathway mediated by the nucleoside tri- and diphosphohydrolase (NTPDase) CD39. To determine the relative 
contributions of these cell surface enzymes to the production of adenosine, we exploited a human T-cell model allowing 
for the modular expression of the individual components of this alternative pathway upon activation and transfection. 
The biochemical analysis of the products of these ectoenzymes by high-performance liquid chromatography (HPLC) 
fully substantiated our working hypothesis. This newly characterized pathway may facilitate the emergence of an adap- 
tive immune response in selected cellular contexts. Considering the role for extracellular adenosine in the regulation of 
inflammation and immunogenicity, this pathway could constitute a novel strategy of tumor evasion, implying that these 
enzymes may represent ideal targets for antibody-mediated therapy. 



Introduction 

The immune system is endowed with multiple and diverse 
effector functions based upon the activity of cells or soluble 
factors, which are frequently shared by its innate and adaptive 
branches.' Intuitively, one would expect immune defense mecha- 
nisms to work efficiently and with minimal collateral damage. 
Evolution has educated the immune system to achieve an accept- 
able balance between potent effector activities, on the one hand, 



and preservation of the host on the other. These intertwined 
biological systems are conventionally investigated by dissecting 
the different components and their roles in orchestrating events.^ 
Here, we analyze immunity-related extracellular nucleotides 
and the network of cell surface enzymes (ectoenzymes) involved 
in their metabolism, a set of proteins that are phylogenetically 
highly conserved.''* 

One component of the larger network integrating cellular 
energy status and immune signals is represented by nicotinamide 
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adenine dinucleotide (NAD*).'''' Results from a variety of stud- 
ies consistently demonstrate that ectonucleotidases serve as 
bridges connecting cells with their microenvironment, includ- 
ing the immune system. The outcome of this interplay may be 
an alteration in the cellular energy status, as well as the induc- 
tion of leukocyte activation or — counterintuitively — suppres- 
sion. These effects appear to be mediated by the products of 
these ectoenzymes, including adenosine, a pleiotropic nucleoside 
involved in the modulation of immunity and inflammation.^'* 
Indeed, adenosine acts through a negative feedback loop to 
inhibit the hyperactivation of immune cells, thereby increasing 
the gap between immune-mediated collateral tissue damage and 
disease.*'' 

Extracellular ATP is considered as the primary substrate of 
the ectoenzymes that produce adenosine. At sites of immune 
activation, extracellular ATP is typically first hydrolyzed by the 
ecto-nucleoside triphosphate diphosphohydrolase (NTPDase) 
CD39. The AMP molecules produced by CD39 can be further 
hydrolyzed by the 5'-nucleotidase (5'-NT) CD73, thereby gen- 
erating adenosine and inorganic phosphate, which complete the 
adenosinergic loop.'"'" The canonical pathway of adenosine pro- 
duction has various points of vulnerability. For instance, CD39 is 
responsible for the inefficient effector T cell responses in patients 
with chronic HIV-1 infection. However, blocking the enzymatic 
activity of CD39 is not sufficient to fully recover T-cell functions 
and overcome the immunosuppression associated with retroviral 
infections or cancer.'^'" 

Thus, we considered the hypothesis that CD39 is not the 
exclusive switch of the immune system to trigger immunosup- 
pression, but an alternative adenosine-generating axis is opera- 
tive. Our starting point was the notion that NAD* and ATP 
share common structural characteristics, both possessing an ade- 
nine moiety. Moreover, NAD* acts as an immunomodulator for 
human T lymphocytes. '''' Finally, besides its vital functions in the 
generation of cellular energy, NAD* has acquired new attention 
as a modulator of extracellular signaling pathways, mainly in can- 
cer.'* NAD* can be actively secreted across NAD*-impermeable 
plasma membranes, hence triggering a cascade of extracellular 
signals that leads to cell activation through purinergic P2 recep- 
tors. '^''^ However, the concentration of NAD* required for P2 
activation is relatively high, suggesting the existence of alterna- 
tive homeostatic mechanism (s). Indeed, the conversion of NAD* 
into AMP in the immune microenvironment has been previously 
considered among the alternative mechanisms promoting the 
generation of extracellular adenosine.'^'"* 

Important functions have been attributed to extracellular 
NAD* including the regulation of inflammatory responses and 
regulatory T cells (Tregs)." Such activities are finely tuned by 
interactions taking place between the NAD* nucleosidase CD38 
and a variety of other cell surface molecules. ^'^° In light of these 
observations, we exploited a modular human T-cell model to 
demonstrate that the production of adenosine from NAD* 
can mediated by a network of ectoenzymes involving CD38 
as well as ecto-nucleotide pyrophosphatase/phosphodiesterase 
1 (NPPl, better known as CD203a or PC-1) and CD73. The 
main functional feature of this adenosinergic signaling axis that 



distinguishes it from canonical ectonucleotidase pathways is 
its independence from CD39. Indeed, NAD* is hydrolyzed by 
CD38 generating adenosine diphosphate ribose (ADPR), either 
directly or through a cyclic ADPR (cADPR) intermediate.^' Our 
focus on CD203a derived from its broad substrate specificity, as 
this enzyme is capable of hydrolyzing both NAD* and ADPR to 
produce AMP.^^'^' Accordingly, NAD* fluxes through an ectonu- 
cleotidase cascade involving CD73 culminate in the formation of 
immunosuppressive adenosine. ^'''^^ In turn, adenosine can bind 
to specific purinergic PI receptors and elicit immunosuppressive 
signals by increasing cAMP levels. ^''^* Here, we test the assump- 
tion that the CD38/CD203a/CD73 pathway serves to balance 
the local concentrations of NAD* and adenosine, hence deter- 
mining the hierarchy of engagement of the P2 or PI receptors to 
be preferentially activated. ^''^° 

Results 

Expression of nucleotide-hydrolyzing ectoenzymes by the 
human Jurkat T cell line in resting and activated conditions 

Cytofluorometric analysis revealed that the NAD*-consuming 
CD38 ectoenzyme is expressed by the vast majority (95 ± 3% 
mean ± SEM) of Jurkat/VR cells, with minor variations in mean 
fluorescence intensity (MFI; mean, 152 ± 25) (Fig. lA). Thus, the 
T-cell population is relatively homogeneous with regard to CD38 
expression, and staining yielded a single peak. We next tested 
the expression of other ectoenzymes on the cell surface of either 
resting or activated Jurkat/VR cells, including CD203a, CD39, 
CD73, and CD26 (Fig. lA-D). CD39, CD73 and CD26 were 
expressed neither by resting nor by activated Jurkat/VR (here- 
after referred to as Jurkat/CD73') cells. In contrast to CD38, 
CD203a was barely expressed by Jurkat/CD73" cells, unless 
these cells were activated by the mitogen phorbol 12-myristate 
13-acetate (PMA) (Fig. IB). 

The presence of CD38 and CD203a was confirmed both by 
the immunoblotting of plasma membrane-associated proteins 
from activated Jurkat/ CD73'cells (Fig. 2A-B) and by enzymatic 
assays (see below). In addition to the constitutive expression of 
CD38, PMA-treated Jurkat/CD73" cells displayed a net increase 
of surface CD203a (Fig. 2B). 

Metabolism of extracellular NAD* in resting and activated 
Jurkat T cells: Extracellular conversion of NAD* to ADPR via 
CD38 

The HPLC-assisted analysis of the partial breakdown of exog- 
enous NAD* and the corresponding products in the supernatant 
of resting Jurkat/ CD73" cells revealed the presence of non-con- 
sumed NAD* together with the enzymatic products ADPR and 
nicotinamide (Nic) (Fig. 3A). 

The same experiment performed 24—48 h after PMA acti- 
vation revealed modifications on the output levels of NAD* 
and ADPR (Fig. 3B), paralleling the changes in the pattern of 
expression of ectoenzymes. Besides the non-consumed NAD*, 
which could be identified by its unique retention time (R^) of 
2.80 min, the metabolic products of activated Jurkat/ CD73" cells 
were ADPR, Nic and AMP, exhibiting corresponding R of 3.20, 
6.87 and 2.15 min, respectively (Fig. 3B, right). The absence of 
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Figure 1. Expression of ectoenzymes on activated and resting Jurl<at cell lines. (A-D) Comparative cytofluorometric analysis of Jurkat T cells stained 
with primary antibodies against various ectonucleotidases and detected with fluorescein (FITC)-conjugated secondary antibodies. Expression analysis 
of ectoenzymes (CD38, CD203a, CD73, CD39, and CD26) and T-cell activation marker (CD69) by Jurkat/CD73- (A and B) and Jurkat/CD73+ (C and D) cells 
either in resting conditions (A and C) or in response to phorbol 12-myristate 13-acetate (B and D). Representative histograms are shown. Grey peaks 
demarcate isotype control staining and black peaks depict the expression levels of the indicated markers. 



transformation products with a 10 min rules out the pres- 
ence of other catabohtes in the supernatant from resting or PMA- 
activated Jurkat/CD73" cells (data not shown). 

The NAD* hydrolytic profile of PMA-treated Jurkat/CD73- 
cells, converting extracellular NAD* into AMP, can be attrib- 
uted to the nicotinamide adenine dinucleotidase (NADase) 
activity of CD38 and CD203a, which exhibits nucleotide pyro- 
phosphatase/phosphodiesterase (NPP) activity. ADPR produced 
by CD38 upon the partial breakdown of NAD* is generated out- 
side the cell where it can subsequently be degraded to AMP by 
CD203a. In support of this notion, activated Jurkat/ CD73" cells 
rapidly hydrolyzed extracellular NAD*, resulting in the accu- 
mulation of ADPR in the culture supernatant after 10—15 min 
of incubation (Fig. 3B). Since ADPR was the principal product 
of exogenously applied NAD*, we wondered whether it would 
be source of the AMP generated. Thus, we tested the func- 
tional activity of CD203a by directly applying ADPR, a known 
substrate for this ectoenzyme,^' to the Jurkat/CD73" cells. At 



variance with resting cells, PMA-activated Jurkat/CD73~ cells 
displayed a marked increase in ADPR-hydrolyzing activity (data 
not shown). Another possible catabolite of this reaction, cyclic 
ADPR, could not be detected in the supernatant of resting or 
activated Jurkat/CD73" cells, either because it fell under the 
detection limit of the system (cADPR; R =6.15 min) or was 
internalized.^' 

ATP is also a known substrate for CD203a.^^ Time-course 
analysis of ATP consumption by activated Jurkat/CD73" cells 
allowed a comparison of the nucleotide transformation pathways. 
The incubation of activated Jurkat/CD73" cells with ATP led 
to a predominant accumulation of AMP, with no appreciable 
levels of ADP (Fig. 4). At variance with reports pointing to the 
CD39-mediated ATP hydrolysis to ADP and AMP by lymphoid 
cells,'" activated Jurkat/CD73" cells converted ATP directly to 
AMP, suggesting the presence of functional CD203a (Fig. 4). 
This finding was confirmed by the attenuation of this metabolic 
conversion in the presence of the CD203a inhibitor EDTA (data 
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Figure 2. Constitutive expression of CD38 and elevated CD203a in activated Jurkat/CD73" cells. (A-B) Immunoblotting analysis of plasma membrane 
fractions from resting and phorbol 12-myristate 13-acetate (PIVlAj-activated Jurkat/CD73 cells probed with anti-CD38 (SUN-4B7, IgGI) or with anti- 
CD203a (3E8, IgGI) mAbs to detect the presence of 45-kDa CD38 (A) and 120-kDa CD203a (B) proteins. (C-D) Proteins with IVIr of 71-kDa and 78-kDa, 
not expressed by Jurkat T cells (not shown), were immunodetected using lysates of epithelial cells from biopsied corneas used as positive controls and 
probed with anti-CD73 (CB73, IgGI) and anti-CD39 (IgGI) mAbs (right lanes). Isotype-matched irrelevant X63.Ag8 mAb was used as negative controls 
(left lanes). Mr = molecular weight". 



not shown). In contrast, sodium azide, a CD39 inhibitor, did not 
influence the production of AMP from NAD*, excluding a role 
for CD39 in the hydrolytic activity observed (data not shown). 
These findings support the view that the enzymatic activity of 
CD203a produce AMP by a secondary conversion of ADPR 
arising from the breakdown of NAD* in a CD39-independent 
manner. 

Metabolism of extracellular NAD* in resting and activated 
Jurkat T cells: Extracellular conversion of NAD* to nicotin- 
amide mononucleotide and AMP via CD203a 

Like nucleotides or nucleosides, NAD* can be processed by 
more than one enzyme displaying the same or similar specifici- 
ties, although the relative activity of each would depend upon 
the balance between the surface levels of the degradative machin- 
ery and modulations limiting the availability of various sub- 
strates.'^ Indeed, activated Jurkat/CD73" cells generated AMP 
from NAD* using either ADPR, as generated from CD38, or 
NAD*, as produced by CD203a.'' For this reason, we hypoth- 
esized that the observed kinetics of surface NADase activity in 
Jurkat/CD73~ cells are driven in tandem with an NPP, which 
degrades NAD* to nicotinamide mononucleotide (NMN) and 
AMP. Thus, we analyzed the products of NAD* cleavage cata- 
lyzed by Jurkat/CD73" cells by HPLC to compare the relative 
ratios of ADPR (a NADase product) to NMN (a NPP product). 

As summarized in Table 1, the appearance of ADPR (under 
both resting and activated conditions, and irrespective of CD73 
status) testifies the hydrolysis of NAD* as operated by Jurkat/ 



CD73~ cells via CD38. Similar to ADPR, Nic was a major trans- 
formation product released by both resting and activated Jurkat/ 
CD73" cells. ADPR and Nic were released by resting Jurkat/ 
CD73" cells in nearly equimolar amounts, suggesting an equiva- 
lent extracellular processing of NAD* by NADase activity. The 
amount of NMN originating from NAD* via CD203a was low 
to nil in the supernatants from Jurkat/CD73" cells, regardless of 
activation state. Furthermore, the addition of EDTA to Jurkat/ 
CD73" cells did not modify the production rate of ADPR (data 
not shown). This indicates that the direct hydrolysis of NAD* by 
any pyrophosphatase does not interfere with the NADase activ- 
ity of CD38, and thus is apparently not operative in the Jurkat 
model. 

Thus, we next sought to test the effect of CD203a activity 
on NAD* degradation (which leads to direct generation of AMP 
rather than via an ADPR intermediate) using nicotinamide 
guanine dinucleotide (NGD*), a NAD* analog used to track 
the NAD*-cyclase activity of CD38.''' The NGD*-consuming 
activity of CD203a* activated Jurkat/ CD73" cells was undetect- 
able, as inferred from the absence of GMP in their supernatant. 
Rather, these supernatants contained cyclic guanosine diphos- 
phoribose (cGDPR), a product of cyclase activity of CD38 (data 
not shown) . 

Taken together, these findings confirm that AMP in the 
supernatant of activated Jurkat/CD73" cells derives from the 
CD38-mediated conversion of NAD* to ADPR, followed by the 
hydrolysis of ADPR by CD203a. This observation supports the 
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Figure 3. Analysis of NAD+ metabolites in the supernatant of Jurkat/CD73" cells. (A and B) The enzymatic conversion of NAD+ to adenosine diphos- 
phate ribose (ADPR) (a CD38-dependent reaction) and to AMP (CD203a-dependent) was monitored by high-pressure liquid chromatography (HPLC). 
Representative resting (A) and phorbol 12-myristate 13-acetate (PIVlA)-activated-activated (B) Jurkat/CD73" cells upon incubation for 60 min at 37°C with 
100 piVl NAD+ are shown. The identity of peaks was confirmed by the co-migration and absorbance spectra of reference standards using a retention time 
(Rj) window of ± 5%. A representative plot of retention time of NAD* metabolites in a single HPLC run is depicted on the right. 



hypothesis that the pyridine nucleotide-converting pathway lead- 
ing to AMP is operative when cells concomitantly express CD38 
and CD203a. 

Metabolism of extracellular AMP to adenosine by CD73- 
expressing Jurkat T cells 

The 5 '-nucleotidase (5'-NT) CD73 is expressed on the surface 
of select lymphoid cells, while Jurkat are normally CD73'. A cell 
system displaying AMP-degrading activity was produced using a 



different clone of the Jurkat line, which was obtained by stably 
transfecting a construct for the constitutive expression of CD73 
(Jurkat/B-NT5.4 cells, hereafter referred to as Jurkat/CD73* 
cells). This cell line provided the proper background in which to 
dissect the effects of the expression of a true ecto-5'-NT with the 
capacity to degrade extracellular AMP to adenosine (see the com- 
plete cellular phenotype of resting and activated Jurkat/CD73* 
cells in Figure IC and D). 
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HPLC experiments confirmed that (1) the relative propor- 
tion of NAD* products do not vary significantly between resting 
and activated Jurkat/CD73* cells (Table 1), and that (2) Jurkat/ 
CD73* cells dephosphorylate extracellular AMP (Fig. 5A-C). A 
plot of the initial velocity at different substrate concentrations 
showed that AMP dephosphorylation to adenosine plateaus 
at 100 |jlM amp (data not shown). AMP (R = 2.15 min) was 
metabolized (-80% within 30 min) by cultured Jurkat/CD73* 
cells resulting in the production of adenosine (R = 5.56 min). The 
compounds detected in the supernatants were adenosine (187.50 
± 21.07 |xmol/min/10''cells) and (low levels of) hypoxanthine 
(Hxp, R = 3.26 min; 12.12 ± 25 jJumol/min/lO'^ cells) (Fig. 5A). 

Inhibition experiments further evinced the role of CD73 in 
the conversion of AMP. Jurkat/CD73* cells were incubated with 
AMP in the presence of increasing amounts of a,(3-methylene- 
ADP (APCP, a 5'-NT inhibitor), followed by measurement of 
adenosine production. As expected for a reaction mediated by 
a 5'-NT, the catabolism of AMP and the formation of adenos- 
ine were strongly decreased by APCP (Fig. 5B-C). Even 10 jjlM 
APCP was sufficient to attenuate (-50%) the generation of ade- 
nosine, and a dose of 100 |jlM led to 75% inhibition levels. These 
results indicate that the ecto-5'-NT CD73 is the main contribu- 
tor to the AMP-hydrolytic activity observed and the predomi- 
nant AMPase participating in adenosine generation by Jurkat/ 
CD73* cells. Nonspecific phosphatases were not involved in 
the conversion of AMP to adenosine since adenosine levels were 
unmodified by levamisole, an inhibitor of alkaline phosphatase 
(data not shown). These findings indirectly confirm the main 
role of CD73 in converting AMP to adenosine. 

Extracellular adenosine may partially accumulate in the extra- 
cellular milieu (or culture medium) where it may bind specific 
PI receptors or be internalized through nucleoside transporters. 



Alternatively, surface adenosine deaminase (ADA), complexed to 
CD26, may convert adenosine to Hxp via an inosine intermedi- 
ate. Parental Jurkat cells do not express CD26,''' and we con- 
firmed such a feature in Jurkat/CD73* cells (Fig. IB). Adenosine 
production increased upon the incubation of Jurkat/CD73* 
cells with AMP in the presence of erytro-9 (2-hydroxy-3-nonyl) 
adenine (EHNA, an inhibitor of ADA). Conversely, the addi- 
tion of dipyridamole (Dyp, an inhibitor of nucleoside transport- 
ers), produced no increase in adenosine, suggesting that other 
mechanisms contribute to adenosine homeostasis in this setting. 
One possibility is that ADA on the surface of Jurkat/CD73* is 
anchored to a membrane receptor other than CD26. 

Jurkat/CD73" and Jurkat/CD73* cells offer a differen- 
tial combination of ectoenzymes with NADase (CD38), NPP 
(CD203a), and 5'-NT (CD73) activities. Thus, the fate of NAD* 
could be followed stepwise to validate the sequential contribution 
of these 3 ectoenzymes to the conversion of NAD* to adenosine. 
The working hypothesis was that Jurkat/CD73" (CD38*) cells 
hydrolyze NAD* to ADPR, which can then be converted into 
AMP by CD203a upregulated in the course of PMA-mediated 
activation. AMP-containing supernatants may then be trans- 
ferred to Jurkat/CD73* cell cultures, a setting in which AMP 
can be further hydrolyzed by CD73. This final reaction leads to 
the accumulation of adenosine in the extracellular milieu. 

In the context of this dynamic model (Fig. 6), Jurkat/CD73" 
cells were incubated with NAD* in an ADA-free medium. The 
resulting AMP-containing supernatants were then collected and 
either incubated with Jurkat/CD73* cells or processed for HPLC 
analyses (Fig. 6A and B). In this setting, adenosine was produced 
by the Jurkat/ CD73* cells in high amounts (> 35 jJtmol/min/lO'' 
cells (Fig. 6B). In contrast, the Jurkat/CD73" cells did not pro- 
duce detectable amounts of adenosine (Fig. 6A) . 

Therefore, HPLC assays confirmed that exogenous NAD* 
can be sequentially converted into ADPR, AMP, and adenosine, 
with this latter transformation being mediated by Jurkat/CD73* 
T cells only. In conclusion, the CD38/CD203a/CD73 axis rep- 
resents a functional enzymatic cascade leading to adenosine syn- 
thesis in this T-cell model system. 

NAD* conversion and intracellular cyclic AMP production 
by Jurkat T cells 

The CD38/CD203a/CD73 axis generates extracellular ade- 
nosine, which can bind PI receptors."" Jurkat/CD73* express 
high levels of purinergic A2A receptors (A2AR) of the PI type, a 
feature that we exploited to evaluate the production of intracel- 
lular cyclic AMP (cAMP) elicited by adenosine signaling. Since 
A2AR is functional in the Jurkat model, A2AR engagement by 
CGS21680, a specific agonist, induced a significant increase in 
the levels of cytoplasmic cAMP. Exogenous adenosine was bound 
by A2AR, resulting in the activation of the associated stimulatory 
G protein and the expected increase of intracellular cAMP (from 
a basal value of 14.04 ± 2.13 fmol/well to 71.00 ± 0.67 fmol/well). 
Moreover, when Jurkat/CD73* cells were treated with AMP- 
containing supernatants as generated by Jurkat/CD73" cells 
exposed to extracellular NAD*, the intracellular concentration 
of cAMP increased to 23.79 ± 0.97 fmol/well. Such a synthe- 
sis of cAMP is mediated by the adenosinergic loop specifically 



Figure 4. Time course of extracellular ATP metabolism in activated 
Jurkat/CD73- cells. ATP (100 |j,M) was added at time 0 and samples (500 
|jL) collected from the supernatants at the Indicated times (abscissa). 
Sample were analyzed by HPLC to quantify ATP, ADP and AMP. The iden- 
tity of peaks was confirmed by the co-migration and absorbance spec- 
tra of reference standards using a retention time (R^) window of ± 5%. 
Vertical bars depicting the SEM do not exceed the size of symbols. 
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Table 1. Extracellular conversion of NAD+ to ADPR and nicotinamide via CD38 and to NMN and AiVlP via CD203a 







consumed 


produced 


Cell clone 


NAD+ 
(nmoles) 


ADPR 
(nmoles) 


NIC 
(nmoles) 


NMN 
(nmoles) 


AMP 
(nmoles) 


Jurkat/VR 


Resting 


20.21 


13.05 


16.38 


0 


0 


(CD73) 


Activated 


19.91 


17.69 


14.27 


0.33 


4.91 


Jurkat/B-NT5.1 


Resting 


32.88 


19.27 


30.79 


0 


0 


{CD73*) 


Activated 


34.81 


15.81 


30.73 


0.14 


0 



The ectonucleotidase activity of CD38 and CD203a was measured by using Jurkat T cells (2 x lOVmL) incubated for 30 min at 37°C in AIM V medium 
supplemented with ICQ pM NAD+. Abbreviations: ADPR, adenosine diphosphate ribose; AMP, adenosine 5'-monophosphate; Nic, nicotinamide; NAD+, 
nicotinamide adenine dinucleotide; NMN, nicotinamide mononucleotide. 



in CD73 -proficient Jurkat/ CD73* cells. Indeed, Jurkat/CD73* 
cells pre-treated with the CD73 inhibitor APCP displayed a 
marked attenuation in cAMP synthesis as stimulated by AMP- 
containing supernatants obtained from Jurkat/CD73" cells pro- 
vided with NAD*. Thus, in the presence of exogenous adenosine 
or (in a CD73-dependent manner) AMP, the intracellular lev- 
els of cAMP increase. Conversely, the addition of extracellular 
NAD* to resting Jurkat/CD73* (CD38VCD203a-/CD73*) cells 
did not provoke an elevation of cAMP levels, as expected when 
the substrate AMP is not produced and NAD* is not processed 
by 5'-NT (Table l).^^ 

Taken together, these results indicate that the CD38/ 
CD203a/CD73 pathway can mediate the sequential conversion 
of NAD* to adenosine in a Jurkat T-cell model and that adenos- 
ine, the final product of the reaction, can elicit cAMP-dependent 
signaling in A2AR* cells. 

Discussion 

Inferences derived from ectoenzymes'^ and from NAD* 
metabolomics''' have completely reshaped our understanding of 
the key steps involved in the processing and activities of extracel- 
lular nucleotides.' The canonical substrate for ectonucleotidases 
is ATP, hence the nucleotide is a primary source of adenosine in 
the extracellular milieu. Another possibility is that pericellular 
adenosine can arise from the degradation of the pyridine nucle- 
otide NAD*, but experimental confirmation in support of this 
hypothesis was lacking. 

Our results obtained here indicate that the NADase CD38, 
the NPP CD203a, and the 5'-NT CD73 catalytic cascade forms 
an unexplored but robust pathway for the production of adenos- 
ine from NAD*. These ectoenzymes may function according to 
their spatial arrangement as part of (1) continuous (molecules on 
the same cell) or (2) discontinuous (molecules on different cells) 
pathways. A peculiar feature of the CD38/CD203a/CD73 axis 
is that it can exhibit bimodal operation. When the individual 
components are located on different cells, their interactions are 
facilitated in spatially restricted systems (or niches). Irrespective 
of this point, the biochemical complexity of the axis in terms of 
substrates, ectoenzymes, products and receptors has made it dif- 
ficult to validate its operational status in a single cell type. 

We provide conclusive evidence of the existence of this path- 
way by means of a T lymphocyte model constructed ad hoc in 



vitro. T lymphocytes exert key roles in the generation of toler- 
ance in inflammation, cancer and transplantation.'''"' The 
human model adopted for this study was the human Jurkat 
T-cell leukemia cell lines (mostly composed of CD38*/CD203a / 
CD397CD73" cells), which we selected because of the capacity 
for clonal derivation of cellular subsets that recapitulate discrete 
steps of normal and pathological T-cell differentiation in vitro. 
Environmental pressures were mimicked in vitro by adding the 
differentiating agent PMA, which also fostered the expression of 
the NPP CD203a. However, neither resting nor activated paren- 
tal Jurkat/VR cells expressed CD73. This was circumvented by 
stably transfecting Jurkat cells with a CD73-coding construct.^* 
By means of these two different cell lines (expressing or not 
CD73), under either resting or activated conditions (CD203a' 
and CD203a* cells, respectively), the exogenously applied sub- 
strates (i.e., NAD* and ATP) and products (i.e., ADPR, NMN, 
AMP, and adenosine) that accumulated in the culture superna- 
tant could be quantified without derivatization by means of dedi- 
cated HPLC assays. 

The first player in the network found to be responsible for the 
conversion of extracellular nucleotides was CD38, as expected 
due to its topological features (i.e., accessibility to exogenous 
NAD*) and known enzymatic function as the primary regula- 
tor of extracellular NAD* levels.'"'''^ The role of the paralogue 
CD157 was not considered here, mainly due to reduced expres- 
sion levels and limited enzymatic activity in T lymphocytes.'*' 

The second player in this novel ectonucleotidase cascade was 
identified as PC-1, an NPP ectoenzyme clustered as CD203a.''''''" 
In this enzymatic context, NAD*, ADPR (a product of the enzy- 
matic activity of CD38) and ATP are all prospective substrates 
for the NPP activity of CD203a. When NAD* is a substrate of 
CD203a,'"' the product of the reaction is AMP along with NMN, 
a product that mainly proceeds intracellularly.'^ Conversely, 
when CD203a metabolizes ADPR, the main reaction products 
are AMP and PPi. ATP, a potent modulator of immune cell 
responses,^^ shares structural characteristics with NAD*. As 
a consequence of the activity of CD203a, ATP is degraded in 
the extracellular space into AMP and PPi.^^ The finding that 
CD203a hydrolyzes these purine analogs in our Jurkat T-cell 
model validates the appropriateness of our system to address our 
working hypothesis. 

Our findings also indicate that the interactions between 
extracellular NAD* and CD38/CD203a can be exploited by 
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Figure 5. Metabolism of extracellular AMP consumption in Jurkat/CD73* cells. (A-C) Jurkat/CD73* cells were incubated with 100 ^iM AMP and the con- 
sequent (CD73-dependent) production of adenosine (ADO) was determined by HPLC. The identity of peaks was confirmed by the co-migration and 
absorbance spectra of reference standards using a retention time (R^) window of ± 5%. (A) Experiments at t = 5 min and after 30 min incubation with 
100 pM AMP (B) AMP consumption in Jurkat/CD73+ cells exposed (solid symbols) or not exposed (open symbols) to 50 pM a,(i-methylene-ADP (APCP). 
(C) Catabolism of AMP to ADO in the presence (solid symbols) or in the absence (open symbols) of 50 pM APCP. Representative R^ plots of metabolites 
in a single HPLC run are shown. 



T lymphocytes to generate AMP. Indeed, the addition of NAD* 
to Jurkat/CD73" cells, in resting conditions (CD38*/CD203a' 
cells) and after PMA-mediated activation (CD38*/CD203a* 
cells), caused a remarkable variation in the levels of ADPR, 
AMP and Nic, in the culture supernatants (NMN was only 



seen in trace amounts). These results indicate that the outer 
plasma membrane of a subset of Jurkat cells is equipped with 
distinct hydrolytic activities that determine the fate of extracel- 
lular NAD*. The first (the NADase CD38) cleaves a glycosidic 
link in NAD* to produce ADPR and Nic. The second (the NPP 
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Figure 6. Jurl<at T cells generates adenosine from NAD+. (A) The enzymatic conversion of NAD+ to AMP (a CD38/CD203a-dependent reaction) and to 
adenosine (ADO) (a CD73-dependent reaction) was evaluated. Activated Jurkat/CD73" cells were Incubated for 60 mIn In buffer supplemented with 100 
pM NAD+ and the resulting supernatant transferred to Jurkat/CD73+ cells, followed by further Incubation for 30 mIn. (B) Supernatants from each step 
depicted In (A) were analyzed by HPLC for the presence of NAD+ catabolltes. The Identity of peaks was confirmed by the co-mlgratlon and absorbance 
spectra of reference standards using a retention time (R,) window of ± 5%. Representative R^ plots of metabolites In a single HPLC run are shown. 



CD203a) operates on the pyrophosphate bond in NAD* to 
yield NMN and AMP.'^ It is therefore possible that the activ- 
ity of CD203a might reduce the availability of substrates for 
CD38 in activated Jurkat/CD73" cells, modifying the balance of 
NAD* consumption. A comparison between ADPR (a NADase 
product) and NMN (a NPP product) generated by activated 
Jurkat/CD73" cells revealed that the NAD*-consuming role of 
the NADase-CD38 dominates over that of the NPP CD203a. 



Indeed, the amounts of ADPR generated from NAD* hydroly- 
sis by activated (CD38*/CD203a*/CD73') Jurkat cells remained 
unchanged in the presence of EDTA, a calcium chelator and 
CD203a inhibitor. Conversely, AMP production was reduced 
when the assay was performed in the absence of Ca^*. Therefore, 
we assert that the Ca^*-dependent activity of CD203a ensures the 
conversion of ADPR (generated by CD38) into AMP in Jurkat 
T cells. These findings sustain the view that extracellular NAD* 
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Figure 7. CD38/CD203a ectoenzyme tandem catalytic cascade to degrade NAD+ in activated Jurkat/CD73" cells. Extracellular NAD+ is metabolized by 
the nicotinamide adenine dinucleotidase (NADase) CD38 expressed by resting Jurkat cells, generating nicotinamide (Nic), cyclic adenosine diphosphate 
ribose (cADPR) and ADPR. The latter product is transformed to AMP by the nucleotide pyrophosphatase/phosphodiesterase (NPP) CD203a expressed by 
phorbol 12-myristate 13-acetate (PMA)-activated Jurkat cells. 



is efficiently metabolized to AMP when both surface CD38 and 
CD203a are present (Fig. 7). 

Finally, to demonstrate that extracellular AMP is further 
catabolized to produce adenosine, we used a Jurkat cell line 
genetically modified to express active CD73. Jurkat/CD73* cells 
metabolize AMP, which is converted by dephosphorylation into 
adenosine and small amounts of Hxp. Intermediate products of 
AMP catabolism were detected at any time point, suggesting 
that AMP degradation is led by a cell surface mechanism. The 
direct processing of extracellular NAD* by the 5'-NT CD73, as 
observed in other systems,'"* was excluded in our Jurkat/CD73* 
cells, as well as in fresh leukocytes and Epstein-Barr virus (EBV)- 
derived lymphoblastoid lines obtained from a CD73~'~ patient 
(ref 49 and Horenstein AL and Malavasi F, unpublished obser- 
vations, 2013). 

Adenosine generated by AMP hydrolysis may either (1) accu- 
mulate in the extracellular medium and hence bind to specific PI 
receptors; (2) be inactivated at the cell surface by an ADA/CD26 
complex that converts it into Hxp via inosine; or (3) internalized 
by nucleoside transporters." Our results indicate that adenosine 
levels increase in the extracellular medium when Jurkat/ CD73* 
cells are incubated with AMP in the presence of EHNA (an ADA 
inhibitor). One possible interpretation is that adenosine homeo- 
stasis is influenced by ADA due to deamidation of adenosine. 
However, like other Jurkat clones, Jurkat/CD73* cells do not 
express CD26, suggesting that ADA may have a surface anchor 
different from CD26, at least in this system. A possible alterna- 
tive ADA-anchoring candidate is the purinergic A2AR."' In this 
complex, A2AR may exhibit and altered affinity for its ligand, 
thereby finely tuning the biological effects of adenosine, as it 



occurs in vivo. Other mechanisms involved in adenosine homeo- 
stasis, such as the internalization through nucleoside transport, 
were not highly operative in our system. Indeed, no increase 
in adenosine was detected following the addition of an inhibi- 
tor of nucleoside transporters, confirming previous observations 
obtained in parental Jurkat T cells. 

Cells can simultaneously express a variety of related ectonu- 
cleotidases that are functionally competent to metabolize differ- 
ent nucleotides, such as the NPP CD203a and NTPDase CD39, 
either on the surface of the same cells or on that of different, but 
adjacent cells.'" Such complexities obfuscate the assignment of 
specific functions unless the kinetic properties of each contribut- 
ing enzyme are analyzed in distinct physiological conditions. Like 
NAD*, ATP is released from inflammatory cells into the extracel- 
lular space. The conversion of extracellular ATP to adenosine by 
the NTPDase CD39 is kinetically complex, with the upstream 
metabolite ADP acting as a crucial feed-forward inhibitor of the 
5'-NT CD73," and resulting in a tendency to AMP accumulation 
(A.L. Horenstein, unpublished observations, 2013). 

Physiologically, such an ADP-dependent feed-forward inhi- 
bition does not appear to significantly modulate purinergic sig- 
naling, as human cell surfaces are exposed to low levels of ATP 
(< 1 |jlM).^^ However, high ATP levels in the context of CD203a 
might induce the NPP to blunt signals mediated by P2 recep- 
tors through an ATP conversion step that bypasses the forma- 
tion of ADP. The lower affinity displayed by ATP for CD203a 
as compared with CD39''^ offers indirect support for such a view. 
Alternatively, the ectoenzymatic CD38/CD203a tandem may 
become relevant when ATP is released after injury or inflam- 
mation. The extracellular microenvironment likely tends to 
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compensate for a lack of adenosine that could result from an 
ADP feed-forward inhibition by activating the NAD*-dependent 
CD38/CD203a/CD73 adenosinergic loop. 

This ectoenzymatic pathway hydrolyzes NAD* and AMP in 
sequence to produce functional adenosine that, upon binding 
to PI receptors, increases intracellular cAMP concentrations.^^ 
Thus, these cellular processes generate a biologically active form 
of adenosine. In fact, the addition of NAD* to CD73*CD203a' 
Jurkat T cells did not stimulate cAMP production. Conversely, 
Jurkat/CD73* cells exposed to AMP-containing supernatants 
from activated Jurkat/CD73" cultures synthesize cAMP, an 
effects that can be blocked by the CD73 inhibitor APCP. Our 
conclusion is that, in our Jurkat T-cell system, the NADase 
CD38, the NPP CD203a and the 5'-NT CD73 form a func- 
tionally interrelated pathway that acts independently of the 
NTPDase CD39 (Fig. 8). 

This ectonucleotidase model is centered around the NAD*/ 
adenosine axis, a checkpoint that determines whether the extra- 
cellular environment is pro-inflammatory (nucleotide-medi- 
ated responses) or anti-inflammatory (nucleoside-mediated 
responses). On one side, the NAD* substrate triggering the 
CD38/CD203a/CD73 pathway may influence the immune sys- 
tem by switching the balance from activatory (P2 -mediated) to 
suppressive (Pl-mediated) signals. This task may be altered in 
specific lymphocyte subsets in the pathogenesis of autoimmune 
diseases.^* On the other side, the interplay between adenosine and 
purinergic receptors generates local cellular anergy, which is a rele- 
vant mechanism of peripheral tolerance in both normal tissues and 
in the course of oncogenesis and tumor progression.'^ Therefore, 
the NAD*-catalytic network that we delineated here is now under 
evaluation in normal cells (natural killer cells, mesenchymal stem 
cells, Tregs, regulatory B cells, and myeloid-derived suppressor 
cells) as well as in the human cornea, which was selected because 
of its immunologically privileged status and proven expression of 
CD38 (and CD157).''' The results of these studies will indicate 
whether this adenosinergic ectoenzyme network contributes to 
the generation of local tolerance or rather facilitates the elicitation 
of adaptive immune responses. Another physiological model of 
relevance in this setting is the tolerogenic environment regulating 
the interactions between mother and fetus."" 

Immunohistochemical studies showed that CD38, CD203a 
and CD73 are co-expressed in lymph node sections, and in par- 
ticular that CD203a is markedly expressed by stromal cells. ^° 
It seems reasonable to postulate that a discontinuous ectoen- 
zymatic pathway provided by the proximity of different cell 
types can generate not only AMP but also adenosine. Thus, the 
CD38/CD203a/CD73 pathway may represent one of multiple 
strategies adopted by tumor cells to exploit the normal machin- 
ery for peripheral tolerance to elude the antitumor activity of 
the host in spatially restricted systems.'^'" Interventions target- 
ing this pathway may be instrumental for reinstating immu- 
nosurveillance.*"" The biochemical observations derived from 
our T-lymphocyte model are undergoing further analysis using 
myeloma and melanoma patient samples, a disease-relevant con- 
text in which this ectoenzymatic axis may be properly evaluated 
for the potential development of therapeutic targeting strategies. 
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Materials and Methods 

Cells and treatments 

Human T-cell leukemia Jurkat/VR cells were propagated in 
a humidified atmosphere (95% air, 5% CO,) at 37°C in RPMI- 
1640 medium (Sigma) supplemented with 5% heat-inactivated 
fetal calf serum (PCS; Euroclone), 50 |jLg/mL kanamycin, 100 
U/mL penicillin and 100 jJLg/mL streptomycin (all from Sigma) 
(hereafter referred to as complete medium). For all experiments, 
cells were plated at a density of 0.25 x lO"" cells/mL and used after 
24 h adaptation time. Activation was induced with 10 ng/mL 
phorbol 12-myristate 13-acetate (PMA; Sigma) and cellular 
responses monitored by increased expression of CD69 on the cell 
surface. B-NT5.1 cells, Jurkat derivatives stably transfected with 
the human CD73 gene (kindly provided by Dr. L. Thompson,*"') 
were grown in complete medium supplemented with 400 |ag/mL 
G418 (Gibco).^" 

Chemicals 

Nicotinamide adenine dinucleotide (NAD*), nicotinamide 
guanine dinucleotide (NGD*), adenosine diphosphate ribose 



Figure 8. Biochemical activity of the CD38/CD203a/CD73 pathway in 
Jurl<at T cells upon activation or transgene-driven CD73 expression. 
Extracellular NAD* is metabolized by the nicotinamide adenine dinucle- 
otidase (NADase) CD38, generating nicotinamide (Nic), cyclic adenosine 
diphosphate ribose (cADPR) and ADPR. The latter compound is trans- 
formed to AMP by nucleotide pyrophosphatase/phosphodiesterase 
(NPP) CD203a and then converted to adenosine (ADO) and inorganic 
pyrophosphate (PPi) by 5'-nucleotidase (5'-NT) CD73. NIVIN, nicotinamide 
mononucleotide. 
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(ADPR), adenosine, adenosine 5'-nionophosptiate (AMP), ade- 
nosine 5'-diphosphate (ADP), adenosine 5'-triphosphate (ATP), 
potassium dihydrogen phosphate (KH^PO^) and acetonitrile 
(HPLC-grade reagent) were ail from Sigma as well as a, (3 -methylene 
ADP (APCP, CD73 inhibitor), erythro-9-(2-hydroxy-3-nonyl)- 
adenine (EHNA, adenosine deaminase inhibitor), deoxycofor- 
mycin (DCF, adenosine deaminase inhibitor), CGS21680 (A2A 
receptor agonist), levamisole (alkaline phosphatase inhibitor), 
EDTA (ethylene-diamine-tetraacetic acid; CD39 inhibitor) and 
dipyridamole (DYP, nucleoside transporter inhibitor). Sodium 
azide (NaN^), was from Merck (Merck, Darmstadt, Germany). 
Sample buffer and markers for sodium dodecyl sulfate PAGE 
(SDS-PAGE) were from Bio-Rad (Milan, Italy). Milli-Q water was 
employed throughout the study (Millipore, Bedford, MA). Before 
use, high-performance liquid chromatography (HPLC) solutions 
were fdtered through 0.45 pm membranes (Millipore). All other 
chemical reagents used were of analytical quality. 
Antibodies 

The antibodies used in this study include two anti-CD38 
monoclonal antibodies (IB4, IgG2a; and SUN-4B7, IgGl),*^' and 
one anti-CD203a antibody (PC-1, clone 3E8, kindly provided by 
J. Goding).^^ Anti-CD73, -CD26, and -CD69 were IgGl mono- 
clonal antibodies produced in our Lab and purified in-house by 
affinity chromatography on protein A-Sepharose and HPLC 
on hydroxylapatite.''^ Anti-CD39 monoclonal antibodies were 
obtained from eBioscience. Isotype-matched irrelevant mAb used 
was X63.Ag8, an IgGlK secreted by a parental mouse myeloma.'^'' 
The fluorescein (FITC) -conjugated F(ab')2 fragment goat anti- 
mouse IgG+IgM (GAMIg) was from Jackson Immuno-Research 
Laboratories (West Grove, PA). 

Flow cytometry 

Indirect immunofluorescence tests were done on cells washed 
in PBS containing 1% bovine serum albumin (BSA) + NaN^ 
and incubated with primary monoclonal antibodies for 1 h at 
4°C. Cells were then washed twice and incubated with FITC- 
conjugated anti-mouse antibody for 30 min at 4°C. The samples 
were washed, resuspended in PBS and acquired on a FACSort flow 
cytometer (Becton-Dickinson, San Jose, CA), using CellQuest 
Software (Becton-Dickinson,). Data were analyzed using Flowjo 
Software (TreeStar Inc., Ashland, OR). 

Immunoblotting analysis 

The expression of CD38, CD203a, CD39, and CD73 was 
determined by conventional immunoblotting techniques. To this 
aim, resting and PMA-activated Jurkat T cells as well as epithe- 
lial cells obtained from human corneal tissues (Piedmont Cornea 
Bank, "Citta della Salute e della Scienza" Llospital, Torino, Italy), 
which were used as CD39/CD73 positive controls, were washed 
with PBS and lysed as previously reported.''' Whole cell lysates 
were resolved by SDS-PAGE and transferred to nitrocellulose 
membrane (Hybond ECL; GE Healthcare, Milan, Italy), using a 
tank blotting apparatus (GE Healthcare). After incubation with 
the indicated primary and secondary horseradish peroxidase-con- 
jugated goat anti-mouse antibodies, blots were developed using 
enhanced chemiluminescence (Hyperfilm ECL) and an ECL kit 
(Amersham Biosciences). 



HPLC analysis 

Chromatographic analysis was performed with an HPLC 
System (Beckman Gold 126/166NM, Beckman Coulter) 
equipped with a reverse-phase column (Hamilton C18, 5 pm; 
250 X 4.5 mm). Separation of nucleotides and nucleosides was 
performed using a mobile-phase buffer (0.125 M citric acid and 
0.025 M KH^PO^), pH 5.1 with 8% acetonitrile (Sigma) over 10 
min at a flow rate of 0.8 mL/min. UV absorption spectra were 
measured at 254 nm. HPLC-grade standards used to calibrate the 
signals were dissolved in AIM V serum-free medium (Invitrogen, 
Paisley, UK), pH 7.4, 0.2 |xm sterile-filtered and injected in a 
buffer volume of 20 |xL. The retention times (R , in min) of stan- 
dards were: AMP, 2.15; NAD*, 2.8; ADPR, 3.2; cADPR, 6.15; 
Nic, 6.87; and adenosine; 5.56. Peak integration was performed 
using a Karat software (Beckman Coulter). 

The ectonucleotidase activity of CD38 and CD203a was mea- 
sured using 2 X lO'^/mL Jurkat/CD73 'cells maintained for 30 
min at 37°C in AIM V medium (Invitrogen) containing NAD*, 
ADPR, or ATP (100 jjlM). Following collection (at the indicated 
time points) and centrifugation (700 g; 5 min at 4°C) superna- 
tants were transferred to Jurkat/CD73* cells (2 x 10''cells/mL) 
to metabolize AMP. Adenosine production (CD73 activity) was 
evaluated using supernatants collected in tubes containing 1 mL 
of acetonitrile (Sigma) at4°C, to stabilize adenosine. Supernatants 
were evaporated by speed-vac, reconstituted in mobile-phase buf- 
fer, and assayed by HPLC. In some experiments, cells were incu- 
bated with or without the selective 5'-NT inhibitor APCP (50 
|jlM, 15 min) before addition of 100 |xM AMP, and supernatants 
collected in microcentrifuge tubes containing 100 (xM EHNA, 
10 jjlM dipyridamole, 10 |xM a,(3-methylene ADP and 10 jjlM 
5'-deoxycoformycin (in 0.1 mL AIM V medium), and processed 
for HPLC analysis. 

The qualitative identity of HPLC peaks was confirmed by co- 
migration and absorbance spectra of known reference standards 
using an R^ window of ± 5%. The presence of adenosine was also 
confirmed by spiking standard (100 |xM adenosine), followed by 
chromatography. Quantitative measurements were inferred by 
comparing the peak area of samples with calibration curves for 
peak areas of each standard compound. Product concentrations 
were expressed as micromoles/min/10'' cells. 

cAMP production in response to adenosine 

Twenty thousand Jurkat/CD73* cells per well were incu- 
bated for 1 h at 37°C with or without 50 pM adenosine, the 
supernatants collected from activated Jurkat/CD73" cells, or 
10 |iM CGS21680, a selective agonist of the A2A purinergic 
receptor. After incubation, cells were lysed on ice and intracel- 
lular cAMP levels determined using an enzymatic assay (GE 
Healthcare). 

Statistical analyses 

Data are expressed as means ± SEM. The GraphPad software 
package was used for the construction of concentration-response 
curves. 
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